ABSTRACT: A detailed theoretical understanding of the synthesis mechanism of periodic mesoporous silica has not yet been achieved. We present results of a multiscale simulation strategy that, for the first time, describes the molecular-level processes behind the formation of silica/surfactant mesophases in the synthesis of templated MCM-41 materials. The parameters of a new coarse-grained explicit-solvent model for the synthesis solution are calibrated with reference to a detailed atomistic model, which itself is based on quantum mechanical calculations. This approach allows us to reach the necessary time and length scales to explicitly simulate the spontaneous formation of mesophase structures while maintaining a level of realism that allows for direct comparison with experimental systems. Our model shows that silica oligomers are a necessary component in the formation of hexagonal liquid crystals from low-concentration surfactant solutions. Because they are multiply charged, silica oligomers are able to bridge adjacent micelles, thus allowing them to overcome their mutual repulsion and form aggregates. This leads the system to phase separate into a dilute solution and a silica/surfactant-rich mesophase, which leads to MCM-41 formation. Before extensive silica condensation takes place, the mesophase structure can be controlled by manipulation of the synthesis conditions. Our modeling results are in close agreement with experimental observations and strongly support a cooperative mechanism for synthesis of this class of materials. This work paves the way for tailored design of nanoporous materials using computational models.
INTRODUCTION
Templated synthesis is a key concept in current efforts to design nanoporous solids with tailored properties to suit particular applications and is relevant to a wide range of materials, including zeolites, periodic mesoporous silicas (PMS), porous carbons, and metal−organic frameworks. 1 Templated materials come in a rich variety of structures and offer great control over the porous network properties, thus opening up the possibility for true computer-based design, whereby a particular set of synthesis conditions is selected through virtual screening to yield a material with ideal properties for the target application. Computational design of materials would bring tremendous savings to current processes by minimizing expensive and time-consuming laboratory experiments and would also provide an avenue for the discovery of completely new materials. Despite many advances, a complete theoretical understanding of the role of the template molecules (or supramolecular arrangements) in the synthesis process as well as of their interactions with the building blocks of the porous scaffold has not yet been achieved. 2, 3 This lack of understanding is preventing us from achieving true computerbased design, since the crucial link between synthesis conditions and material properties remains elusive. In this paper, we take an important step in this direction by presenting a computational model based on a multiscale simulation strategy that is able to describe in detail the templating mechanism behind the synthesis of PMS materials.
Since the 1990s periodic mesoporous silicas have attracted great attention, stemming mainly from their wide range of applications, such as shape-selective catalysis, gas separation by adsorption, drug delivery, as well as optical and electronic devices. 4−8 The archetypal PMS material is MCM-41, discovered by Mobil researchers more than two decades ago. 9, 10 It exhibits a highly ordered hexagonal arrangement of nearly cylindrical pores with sizes of a few tens of Angstroms, but the molecular structure of the pore walls is amorphous. The final properties of the material, pore size distribution, wall thickness, etc., are strongly dependent on the synthesis conditions, concentration, charge and length of the organic template, inorganic/organic ratios, pH, and temperature. In particular, it is now well established that the topology of the porous network mirrors the structure of silica−surfactant hexagonal liquid crystals (HLC) formed early in the synthesis process. HLC formation involves several complex processes, such as surfactant self-assembly, silica condensation, nucleation, and phase transitions, which can all take place simultaneously. This makes it a very challenging system to study from both experimental and modeling points of view, and as a consequence a full mechanistic description of MCM-41 formation is not yet a reality.
The original and most common experimental pathway for MCM-41 synthesis starts from a solution of cationic surfactant molecules (most often cetyltrimethylammonium bromide, or CTAB) in water to which a silica source is added (most often tetraethylorthosilicate, or TEOS) under high-pH conditions. Very early in the synthesis a silica−surfactant HLC mesophase forms, with cylindrical surfactant micelles surrounded by silicates (and sometimes other ions). With time and/or heating, the silica scaffold condenses within the mesostructure, which is then removed by calcination, producing the hexagonally ordered silica pore network. Crucially, these silica−surfactant hexagonal phases are formed even at very low surfactant concentrations, where one would expect isolated micelles to be the dominant phase. 11 The uncertainty regarding the mechanism of formation of the HLC was reflected in the original mechanistic diagram of Beck et al., 9 where multiple alternative pathways were suggested as leading to MCM-41 formation.
A large number of experimental studies using different techniques have tried to further elucidate this mechanism (for a more detailed discussion, the reader is directed to comprehensive reviews 4,12−14 and to the introduction sections of our previous papers 15, 16 ), but important questions remain unanswered. For instance, evidence is mounting in support of a cooperative templating mechanism (CTM) whereby silicates play an active role in directing the formation of the mesostructure, 16 ,17 but it is not clear whether an initially proposed liquid crystal templating mechanism, 9 where silica is mainly a spectator during the initial stages, remains a viable alternative. Two conflicting pathways have also been proposed within the CTM: one in which silica preferentially interacts with free surfactant monomers while micelles act as reservoirs for the separately growing mesophase 18, 19 and another in which silicates replace counterions at micelle surfaces inducing shape transitions and aggregation of micelles. 20−24 In the former case the pathway from silica−surfactant molecular clusters to ordered mesoscale phases remains largely unclear. Even in the latter case the pathway leading from silica-coated spherical micelles to silica−surfactant HLC, either through sphere-to-rod transitions followed by rod aggregation 20−22 or through spherical micelle aggregation followed by internal shape rearrangements, 23, 24 is also ambiguous. In this article, we apply for the first time multiscale molecular modeling techniques to elucidate the ingredients necessary for mesoscale ordering in these systems.
To complement experiments and help answer these questions, several computational modeling studies have been reported over the past decade or so. 25 One particular direction, pioneered by Siperstein and Gubbins, 26, 27 is to apply highly coarse-grained lattice models that are designed to capture the basic physics underlying the MCM-41 synthesis process. Using a simple chainlike surfactant model 28 on a simple cubic lattice and a set of predefined effective interactions between silicate and surfactant species, those authors were able to show that under certain conditions the system phase separates into a dilute solution and a concentrated HLC phase. In the silica/ surfactant-rich phase they found hexagonal or lamellar mesostructures depending on the silica/surfactant ratio, in qualitative agreement with experimental results. 29 This model was later extended by Jin et al., 16 who used a body-centered cubic lattice to more realistically represent silica connectivity, explicitly account for silica polymerization reactions, and implicitly consider the effect of pH on the process. When their simulations were run in two steps, the first representing the silica−surfactant HLC formation and the second allowing for extensive silica condensation, the model equilibrated to form structures that very closely resembled MCM-41. Conversely, if extensive silica condensation was allowed to proceed from the very start, the system became locked in a highly disordered state resembling an amorphous silica gel. This confirms that the HLC mesophase is formed rather early in the synthesis, before a highly cross-linked silica network is able to build up. The authors also observed a reversible hexagonal-tolamellar transition upon changing the temperature of the system.
Although we have learned a lot about the PMS synthesis mechanism from lattice models, they are nevertheless based on rather drastic a priori assumptions about the interactions between different species and the possible structures that may form, which makes it difficult to establish a direct connection with experimental systems and to obtain quantitative structural predictions. Detailed atomistic models, on the other hand, generally do not suffer from this limitation. In an effort to shed light on the initial stages of MCM-41 synthesis, Jorge and coworkers 15, 30 extended an existing model for silicates 31 to include anionic species 32 and combined it with a model for CTAB in aqueous solution. Their simulations showed that silicates replace bromide ions at the micelle surface and thus promote micellar growth, 30 in agreement with the experimental observations of Baute et al. 33 They also observed that more highly condensed anionic oligomers tend to adsorb to more than one micelle at the same time, suggesting that they might play a role in promoting micellar aggregation. Unfortunately, detailed atomistic simulations are limited to small system sizes and short times, so later steps of the mechanism including mesostructure formation could not be probed.
The main aim of the present paper is to bridge the gap between the two modeling approaches described above by way of a multiscale simulation strategy. The idea is to progressively move from higher levels of theory, where computer time imposes severe limitations, to more coarse-grained representations that allow us to access the time and length scales that are relevant to MCM-41 formation. Crucially, this allows us to maintain a close correspondence between our coarse-grained model and realistic experimental systems, thus providing a much more accurate molecular-level description of the 34 within the MARTINI coarse-grained approach 35, 36 that was benchmarked against structural properties from atomistic simulations. 30 The model was able to show in detail how the presence of silica monomers promotes sphereto-rod transitions in CTAB solutions, which take place through successive micelle fusion events. 34 In the present paper, we extend this model to describe the behavior of silica oligomers in surfactant solutions and apply it to elucidate the formation of the HLC mesostructure during the early stages of MCM-41 synthesis.
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Our experimental benchmark for this study is the work of Firouzi et al., 11 which remains one of the most detailed experimental studies of MCM-41 synthesis starting from a low surfactant concentration solution. The authors made use of nuclear magnetic resonance spectroscopy (NMR), X-ray scattering, and polarized optical microscopy measurements in silica/surfactant solutions at very high pH, where extensive condensation of silica is prevented. Their experiments showed that under such conditions addition of silica to a spherical micelle solution promotes phase separation into a dilute phase composed of mainly silica and surfactant monomers and a concentrated phase made up of a silica−surfactant HLC mesostructure. They postulated that HLC formation through this phase separation mechanism is brought about by intermicellar attractions, which in turn arise because of silica adsorption at micellar surfaces. In this so-called "strong screening limit", adsorption of anionic silica oligomers neutralizes the electrostatic repulsion between positively charged micelle surfaces and the system becomes dominated by dispersion attractions between micelles. This is in contrast to HLC formation in pure CTAB solutions at high surfactant concentration, which does not involve phase separation and is dominated by electrostatic repulsion between micelles, the socalled "weak screening limit". The observation that HLC phases are formed in the presence of small silica oligomers (mainly the double-four-ring, or D4R species), but not when only monomers are present, led Firouzi et al. to conclude that the charge multiplicity of anionic silicates was crucial for the micelle aggregation process. 11 Nevertheless, only indirect evidence was presented to support these hypotheses as they were not able to follow detailed, molecular pathways to HLC formation. A further conclusion of their study was that the structure of the mesophase can be changed by adding a cosolvent (in their case either benzene or trimethylbenzene). When cosolvent was added to a previously formed hexagonal phase, this quickly adopted a lamellar morphology. This kind of structural change was only possible under experimental conditions in which extensive silica network formation was inhibited. The molecular statistical mechanics of these important experimental findings have yet to be explained in detail.
In this paper, we present a realistic model that for the first time is able to reproduce all steps leading to the formation of a HLC phase in dilute silica−surfactant solutions in close agreement with the experimental results of Firouzi et al.
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Our results shed further light on the molecular-level mechanisms at play during mesoporous silica synthesis and open the door for computational predictions of porous material structure from knowledge of the synthesis conditions alone. The paper is organized as follows: section 2 describes the coarse-grained (CG) model and the new parameters for silica oligomers and reports simulation details, and section 3 presents the simulation results obtained with our new model in comparison with experiment. Finally, section 4 summarizes the conclusions of our study.
SIMULATION DETAILS AND MODEL DESCRIPTION
The main aim of our model is to strike the right balance between realism, enabling a direct link with experimental systems and conditions, and computational efficiency, allowing us to reach the time and length scales that are relevant for MCM-41 mesophase structure formation. We aim in particular to reproduce the experimental conditions of Firouzi et al. 11 As such, we model precursor solutions composed of water, CTA + surfactants, bromide counterions, tetramethylammonium (TMA + ) cations, and silicates with different concentrations. The effect of pH is implicitly accounted for by considering silicates with different degrees of condensation and ionization according to the experimental compositions determined by NMR experiments. 11 All simulations take place at room temperature (300 K) and pressure (1 bar) and were carried out with the Gromacs 4.5.5 package, 37−40 adopting the leapfrog algorithm 41 to integrate the equations of motion. Gromacs input files and final configurations for each simulation run are available for download from the University of Strathclyde (DOI: 10.15129/a079acae-9db4-4a62-bb30-11959fe19f6d). The time step was 30 fs in coarse-grained (CG) and 2 fs in all-atom (AA) simulations (necessary to calibrate the CG model). The temperature was fixed through the velocity-rescaling thermostat, 42 while the Berendsen pressure coupling method 43 and the Parrinello−Rahman barostat 44 were used for CG and AA simulations, respectively. Thermostat and barostat parameters (e.g., frequencies) were set to the same values as in our previous work. 34 Cubic boxes, periodic boundary conditions, and isotropic pressure scaling were used except where explicitly noted. Unless otherwise stated, initial configurations were prepared by randomly placing all molecules in the simulation box using the PACKMOL software. 45 In all simulations the same protocol was used: energy minimization using the steepest descent algorithm to prevent short-range contacts between atoms; a short (150 ps) equilibration in the NVT ensemble; further equilibration and production run in the NpT ensemble. The duration of the NpT stage ranged from a few up to tens of microseconds. We note that for CG simulations a correction factor of approximately four should be applied to yield a realistic time scale 36 because of the mapping of four particles to one (see below), but this was not applied here, i.e., the time reported in our results is simply the number of steps multiplied by the nominal time step. To analyze the CG simulation results we identified surfactant aggregates using an adaptation of the Hoshen−Kopelman cluster counting algorithm, 46 considering that two surfactant molecules belong to the same cluster when their tail sites are separated by no more than 0.76 nm, i.e., the first minimum of the respective radial distribution functions.
Bonded interactionsbond length stretching, angle bending, and torsiontogether with nonbonded Lennard−Jones (LJ) and Coulombic terms were taken into account in the Hamiltonian of the system. For LJ interactions in both AA and CG representations, a cutoff distance of 1.2 nm together with a switching function from 0.9 to 1.2 nm with the standard Gromacs functional form was used. Electrostatic interactions were fully accounted for in AA simulations by the particle-mesh Ewald method, 47 while in the CG simulations a Gromacs standard switching function was employed from 0 to 1.2 nm, as described in the original MARTINI publications. 35, 36 The MARTINI 2.2 force field was adopted in our CG model, taking the default dielectric constant value of 15. 36 In this paper we take the original MARTINI nomenclature for each CG bead type (P = polar; Q = charged; C = apolar; N = nonpolar). This force field adopts an approximate mapping of four heavy atoms per CG bead. As such, each CG water bead represents four atomistic water molecules and is modeled by a standard MARTINI P 4 bead. An undesirable artifact of the MARTINI model, arising from the coarse graining of water molecules into Lennard−Jones sites, is that the melting point of water is raised. To avoid unrealistic freezing of the CG model of water, 10% of water particles were replaced by BP 4 antifreeze particles as
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Article prescribed in the original publications. 35, 36 Antifreeze particles have the same interactions as P 4 with all other particles in the system but have a higher excluded volume when interacting with other P 4 particles, thus effectively introducing an entropic penalty for freezing. An alternative approach to avoid this issue would be to employ a polarizable coarse-grained water model, as proposed by Yesylevskyy et al., 48 but this would prohibitively increase the computational cost of our already quite demanding simulations.The amphiphilic character of the CTA + surfactant is described by four apolar C 1 beads for the tail and one charged (hydrophilic) Q 0 bead for cetyltrimethylammonium head groups. 49 Bromide counterions were represented by charged hydrogen bond acceptor Q a beads, 36 while tetramethylammonium (TMA + ) cations were modeled by single Q 0 beads (details of the AAto-CG mapping scheme can be consulted in Figure S1 in the Supporting Information). Silica monomers were parametrized against atomistic simulations in our previous work 34 and are thus represented by a single Q SI bead. All parameters for the atomistic simulations were reported in previous publications, 15, 30, 50 and the reader is referred to those articles for additional details.
In this paper, we extend our previous CG model 34 to take into account silicates of a higher degree of condensation (up to octamers 11 ). To obtain the CG parameters for silica oligomers we used a procedure similar to that in our previous work, 34 which is based on comparing radial density profiles of preformed micelles in both CG and AA representations. Thus, a spherical CTA + surfactant micelle of aggregation number 100 (corresponding to experimental values 51−57 ) was first built using PACKMOL, followed by random addition of counterions (in this case, different anionic silicate oligomers) to neutralize the charge, solvation with water, and equilibration. The simulation box size was adjusted such that the average concentration of each system was well above the critical micelle concentration of CTAB (CMC = 0.8 mM). 58−60 Production runs for preformed micelle simulations were 20 ns long. The equilibrium radial density profiles, measured from the center of mass of the micelle, were then compared in the AA and CG representations, with CG interaction parameters tuned until the AA and CG results fell into reasonable agreement.
As a first guess for the silica dimer parameters we used the same parameters as for monomers, i.e., each dimer was composed of two Q SI beads. However, these parameters were unable to reproduce the interfacial structure observed in the AA simulations, as shown in Figure S4 . In fact, the peak for silicates (red lines) is present within the headgroup layer for the CG model, while it is outside the headgroup layer for the AA model. This suggests that the interactions between silicate dimers and surfactants are too attractive. After testing a wide range of parameters we modeled each dimer as being composed of two standard MARTINI Q da beads. Using these parameters, excellent agreement with the AA micelle density profiles was achieved, as shown in Figure 1 . The same approach was then followed for larger oligomers, with Q da beads closely reproducing the AA behavior of linear trimers and tetramers (see Figures S5 and S6 ). In the case of cyclic oligomers, the SQ da parameters were used in order to follow the recommendation of Marrink et al. 36 for ring molecules (detailed AAto-CG mapping for silicates is given in Figures S2 and S3) . Prefixed "S" beads in MARTINI only change their self-interaction; in particular, the sigma value of the Lennard−Jones potential is reduced to 0.43 nm, and epsilon is scaled to 75% of the original value. In this manner, cyclic molecules can pack more closely to one another without freezing, hence reproducing their corresponding experimental densities. The interactions between prefixed "S" beads and other beads remain unaffected. Once again, good agreement with AA density profiles was obtained for cyclic trimers and tetramers, as well as for the cyclic branched tetramer, which has three SQ da beads for the ring and one Q da bead for the branched segment ( Figure S6 ). Finally, the CG SQ da beads were also used for all D4R species ( Figure S6 ). Complete tables with the interaction potential parameters for all species studied in this work are provided in the Supporting Information (Tables S1 and S2 ). In addition, Table S3 provides details of all simulation runs carried out in this work.
RESULTS AND DISCUSSION
3.1. Formation of Hexagonal Liquid Crystals. In our previous atomistic simulations we have shown that anionic silica monomers adsorb strongly on the surface of spherical cationic surfactant micelles, replacing bromide counterions in the process. 30 This strong silica adsorption led to a strong charge density matching with the surfactant head groups, promoting a decrease in curvature and ensuing micelle growth. By coarse graining this atomistic model we showed that the effect of silica monomers was to eventually promote a sphereto-rod transition in the system. 34 The first step of the present work was to coarse grain the atomistic model for anionic silica dimers 15 in order to examine the effect of more highly condensed silicates on the surfactant structures in solution, considering that Firouzi et al. 11 hypothesized that silica oligomers are an essential ingredient for HLC formation. To test this hypothesis we compare three simulations at a low surfactant concentration used in the study by Firouzi et al. 11 (6% by mass, corresponding to the spherical micelle region of the pure CTAB phase diagram 61 ), starting from random initial configurations in cubic boxes of 30 nm size. The first simulation (run 1) is a reference solution of CTAB in water (4000 ion pairs), the second simulation (run 2) contained CTA + and the same number of silica monomers (replicating the results of our previous study 34 ), while the third solution (run 3) contains 4000 CTA + and 2000 silica dimers. The last two solutions contain a silica/surfactant ratio of 1. As in previous work, we considered one negative charge per silicon atom, such that each monomer has a charge of −1 and each dimer has a charge of −2. This amounts to assuming that the solutions are at very high pH (∼14) and neglecting the effect of more highly charged species (for example, doubly charged monomers). The former assumption will be relaxed for work described later in this paper and is used at this point mainly for computational convenience. As for more highly charged species, their concentrations are relatively low at experimentally relevant conditions, 62 and their neglect is not likely to affect the conclusions of our study.
In Figure 2a , we can see that at equilibrium the reference solution (i.e., without silica) is composed of an isotropic dispersion of small spherical micelles. The average aggregation number of our model surfactant (∼95) is in excellent 
Chemistry of Materials
Article agreement with experimental data (90−110). 51−57 In accordance with our previous work, 34 the solution containing silica monomers (shown in Figure 2b ) started by forming spherical micelles, but these quickly fused to yield a small number of rodshaped aggregates with some degree of branching (akin to wormlike micelles observed experimentally 63−66 ). It should be noticed that the wormlike micelle radius shown in Figure 2b is ∼2.4 nm, which is very close to similar CTAB wormlike micelles (2.2 nm) 66 obtained experimentally. Importantly, this system showed no signs of evolving toward a more ordered state, even after 20 μs of simulation time. This strongly suggests that the simple presence of anionic silica monomers is insufficient to induce the formation of an HLC phase, in agreement with the interpretation of Firouzi et al. 11 We will return to this point below.
The more interesting results were found in the silica dimer solution, Figure 2c . In this case, the equilibrium structure was an aggregate of about 7 small rod-shaped micelles dispersed in a dilute surfactant monomer solution. These rods were arranged in a honeycomb structure, very reminiscent of the HLC seen experimentally. 11 Although our simulation conditions do not form materials with experimentally relevant length scales, the fact that a single aggregate was formed in equilibrium with a dilute solution strongly points toward a phase-separated system. Importantly, in contrast to the reference (Figure 2a ) and monomeric (Figure 2b ) solutions, the random dimer solution was very slow to equilibrate, taking almost 20 μs to converge to the hexagonal micellar array. In the initial stages of this process small surfactant aggregates were quickly formed and fused into micelles after 0.153 μs of simulation time. These micelles then grew until they reached an average size close to the experimental value of 100 surfactants per micelle for pure CTAB systems. After about 2 μs of simulation the micelles began to deform, adopting first a prolate shape and later a more elongated rodlike shape. At the same time these deformed micelles started to arrange themselves into several small aggregates of parallel rods, which fused together after 9 μs to form a unique aggregate, thus achieving the phase separation. In the final slow step the micellar aggregate became progressively more ordered, reaching the final hexagonal conformation after 20 μs. A series of snapshots of this process as well as a movie of the entire simulation are provided in the Supporting Information (Film1 and Figure S7) .
Although the previous simulations show that silica dimers are able to induce the aggregation of cylindrical micelles to form a hexagonal array it is very important to establish if this is truly an equilibrium configuration and not simply a kinetically arrested state. To verify this we started from the equilibrated monomer solution shown in Figure 2b and replaced all monomers by dimers (run 4). More precisely, we first removed all water molecules and silica monomers from the configuration and then randomly distributed 2000 dimers in the available space and resolvated the system. A short equilibration with all surfactant molecules kept fixed using position restraints allowed the dimers to readsorb onto the surface of the undisturbed micellar rods, such that the starting point for further equilibration was a stable rodlike micelle solution with silicate counterions. Soon after all molecules were allowed to move freely, the large surfactant rods began to break up into smaller fragments. These fragments then began to aggregate but without fusing, i.e., the system evolved toward an aggregate of 
Article micelles. Crucially, the final equilibrium state contained a single hexagonally ordered aggregate of cylindrical micelles, just as in the random solution shown in Figure 2c . This process of replacing monomers by dimers and re-equilibrating is depicted in Figure 3a and 3b, a process which more realistically represents the real experimental scenario of progressively increasing the degree of silica condensation in the precursor solution (see also Film2 in Supporting Information). Subsequently, we performed the reverse process (run 5) in which we replaced the silicate dimers by monomers (using an analogous procedure as described above and once again ensuring that the system remained overall charge neutral), cf. Figure 3c . The presence of monomers led the small micelles to fuse into very long wormlike micelles, recovering the original equilibrium state. This shows that the HLC phase formed in the dimer solution as well as the rodlike micellar state formed in the monomer solution are true equilibrium configurations and not metastable states. A further interesting observation is that the system depicted in Figure 3b equilibrated much faster (in less than 1 μs the rods were close to hexagonally arranged) than the one shown in Figure 2c . It appears that the prior existence of a rodlike micellar solution favors subsequent formation of HLC arrays upon silica dimerization. Indeed, during the equilibration of the random dimer solution no intermediate rodlike state was observed (further details can be obtained from Figure S7 and Film1 in the Supporting Information), which is likely to be the cause of the very slow equilibration process for that particular system. It should be emphasized that the more relevant scenario for realistic MCM-41 synthesis solutions is likely to correspond to Figure 3b , i.e., the addition of silica monomers promotes micelle growth and fusion into rodlike aggregates, and these subsequently lead to the formation of hexagonal aggregates upon mild silica condensation. In the next section of this paper we study the role of even more highly condensed silica oligomers on the nature of the surfactant mesostructures. Before we do that, however, we examine in more detail the role of silica dimers in promoting micelle aggregation.
In the experimental study of Firouzi et al. 11 the authors observed the formation of HLC phases from solutions containing silica oligomers but reported the absence of such structures in solutions that contained mostly monomers, more specifically, a solution containing 85% monomers and 15% dimers, according to their NMR measurements. This suggests the existence of a minimum concentration of silica in the form of dimers or higher oligomers that is needed to induce HLC formation. To test this hypothesis we carried out simulations (starting from random distributions) of solutions containing mixtures of monomers and dimers in different proportions (runs 6−8). Our model indeed predicts that a solution containing only 15% dimers (Figure 4a) does not lead to an HLC phase, in agreement with experiment, 11 but instead leads to a branched rod configuration. However, when the dimer concentration is increased to 33%, a HLC mesostructure is formed (Figure 4b) . Interestingly, this concentration corresponds to a 50/50 distribution of the negative charge over monomers and dimers (recall that dimers have a charge of −2). As expected, a 50% concentration of dimers (Figure 4c ) also leads to HLC formation. Analyzing this 50% simulation in more detail we were able to see that the self-assembly proceeds in two distinct steps: an initial one involving fast micelle fusion and sphere-to-rod transitions followed by a slower one involving micelle aggregation, ordering, and phase separation (Film3 in the Supporting Information shows details of this simulation). This lends further support to our earlier conjecture that HLC formation is favored by the prior existence of large rodlike micelles in the solution, and indeed, the 50% simulation was much faster to equilibrate (∼2 μs) than the equivalent simulation containing 100% dimers, which did not form large rods in the initial stages.
To explain the need for the presence of silica oligomers in order to form HLC phases, Firouzi et al. 11 conjectured that the oligomers were able to bind to more than one micelle at the same time and thus induce micellar aggregation by effectively screening intermicelle repulsion. Preliminary evidence in support of this hypothesis was obtained in our earlier atomistic simulation studies, 15 although those studies were limited to small sizes and time scales. With our new CG model we examined the relative propensity of silicate monomers and dimers to bind to more than one micelle simultaneously in an HLC mesostructure. In Figure 5 we show a cross-section of the configuration previously shown in Figure 4c but with all surfactant and water molecules removed. The cross-sectional plane was chosen to be roughly perpendicular to the vector that goes along the cylindrical micelles in the HLC phase, so as to show the internal structure of that aggregate. When only the silica monomers are shown these are seen to adopt a nearly uniform distribution around each cylindrical micelle belonging to the HLC phase (Figure 5a ). In contrast, silica dimers ( Figure  5b ) are located mainly at the interfaces between adjacent micelles in the HLC structure. In fact, a detailed analysis of thin (one bead thick) slices of the HLC phase allowed us to conclude that only dimers are able to bind to two different rods, whereas monomers are adsorbed within the headgroup region of individual micelles (see Figure S8 ). This supports the notion of micelle aggregation induced by multidentate binding by silica oligomers.

Larger Silicate Oligomers.
In the previous section we showed that silica monomers and dimers behave differently in the self-assembly process of silica/surfactant systems and that multidentate binding by silica dimers to surfactant micelles is required to promote HLC formation. Most realistic precursor solutions to MCM-41 include a distribution of small silica oligomers (up to at least octamers), and in this section we analyze the effect of larger oligomers on the structure of the equilibrium mesophase. To speed up the computations we simulated a somewhat higher surfactant concentration (20% by weight), which is nevertheless still within the micellar region of the pure surfactant phase diagram. 61 We also employed elongated simulation boxes (8 × 8 × 34 nm), instead of cubic boxes as previously, to promote faster phase separation. For the time being we maintain the previous assumption that all oligomers contain a single negative charge per silicon atom. Figure 6 shows the results of 6 μs simulations starting from fully random configurations for solutions containing 100% of dimers (run 9; Figure 6a ), cyclic trimers (run 10; Figure 6b ), cyclic tetramers (run 11; Figure 6c ), and cubic octamers (run 12; Figure 6d ).
These species are chosen as typical examples of highly condensed small anionic oligomers present in MCM-41 precursor solutions at high pH. 11, 17, 67 The first thing to notice is that the system with dimers produced a two-phase arrangement composed of a dilute solution and a hexagonal mesostructure in the surfactant-rich phase. This confirms our previous assertion that the presence of dimers induces phase separation and triggers the formation of HLC mesophases. When the silicate oligomers are in the form of cyclic trimers, a similar arrangement of micelles is found. However, it is possible to see that the cross section of the elongated micelles forming the hexagonal arrangement is more elliptical in shape ( Figure  6b ) than those formed with dimers (Figure 6a) . A more significant difference is observed when silicates are in the form of square-shaped tetramers. In this case, although the system still forms a phase-separated aggregate of elongated micelles, the shape of this aggregate is much more disordered than before. It is possible to see (Figure 6c ) that the micelles are still arranged in a more or less hexagonal order, but their cross sections depart significantly from circular. Finally, when all silicates are in the form of fully deprotonated cubic octamers, the mesophase assumes the structure of disordered lamellae (Figure 6d ). This gradual transformation is caused by the progressive increase in the charge density of the silicate counterions as we move from dimers to octamers. Because the total charge remains constant to preserve charge neutrality, a single cubic octamer will have the same charge as four dimers but will be concentrated over a much smaller volume. As discussed by Israelachvili, 68 this increased charge density reduces the effective area per headgroup of the surfactants, thus reducing the curvature of the micelles. The net result is a gradual shift toward less curved shapes (cylinders to lamellae) as the charge density of counterions increases. Figure 2 with all silica oligomers shown in red. Notice that elongated boxes were used to facilitate phase separation. Periodic replicas of the central box (blue lines) are shown to enhance the perception of the resulting phases. An alternative way to change the charge density is by modifying the degree of deprotonation of silicate oligomers. To test this scenario we carried out three simulations of solutions containing 100% cubic octamers but each with a different molecular charge: −4 (run 13), −6 (run 14), and −8 (run 12). As before, overall charge neutrality is maintained, so the system composed of D4R −4 contains twice as many silicate species as the one composed of D4R −8 . The results are presented in Figure 7 , where we can see that as the charge on individual octamers decreases the system gradually shifts from a lamellar phase (Figure 7c ) to a hexagonal arrangement of cylindrical micelles (Figure 7a ). The physical principle behind this transition is analogous to the one shown in Figure 6 ; the D4R −4 species have much lower charge density than the fully charged octamers and therefore yield structures with a higher degree of curvature.
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Our results obtained in simplified precursor solutions (e.g., containing a single type of silicate) show that both the degree of condensation and the degree of deprotonation of silicate oligomers can have a profound effect on the formation of liquid-crystal phases and on the particular structure of those phases. In the final simulation of this section we examine a more realistic system, corresponding to the base case in the study of Firouzi et al. 11 Our starting point is a pre-equilibrated solution of CTAB in water at 6% concentration by weight (i.e., in the spherical micelle region of the phase diagram). To this system we randomly added a distribution of silicates corresponding to the experimental 29 Si NMR measurements in the dense surfactant-rich phase after addition of TEOS at a pH of about 13. The experimental data (see Figure 4 of Firouzi et al.) shows that the solution contains 70% of D4R species, 23% of monomers, and 7% of prismatic hexamers in molar percentage. Because the concentration of the last species is rather low we simplified the simulation composition by removing the prismatic hexamers and then renormalizing the concentrations of monomers and octamers. The result is a distribution containing 75% of octamers and 25% of monomers. We also considered a higher silica/surfactant ratio of 3 (instead of 1 as in all our previous simulations) to match the experimental conditions. Finally, we relaxed our previous assumption of full deprotonation of each silicon-containing group and instead used experimental information on the deprotonation equilibra of monomers 62 and more highly condensed oligomers. 11 Estimates based on the above data yield a charge of −1 for each monomer and a charge of (at most) −6 for each octamer. 11 The excess negative charge of the silicates is compensated by adding the appropriate number of TMA + ions. Figure 8 shows the result of this simulation (run 15). After about 1.3 μs, the system phase separated into a silica/ surfactant mesophase in equilibrium with a dilute solution. The mesophase consisted of an aggregate formed by several twisted rods in a nearly hexagonal arrangement after 9 μs. The results in Figure 8 indicate that the above simulation is likely the most realistic molecular depiction to date of MCM-41 mesophase formation.
Effect of Cosolvent Addition.
Here we simulate the transition between hexagonal and lamellar mesophases upon addition of a cosolvent, observed experimentally by Firouzi et al. 11 By adding either benzene or trimethylbenzene to a preformed HLC solution they were able to induce a hexagonalto-lamellar transition, which was then reversed by increasing the temperature of the system. They hypothesized that the The surfactant concentration is 6% by weight, the silica/surfactant ratio is 3, silicates are in the form of 75% D4R −6 and 25% singly charged monomers, and the temperature is 300 K. (a) Cross-section of the resulting mesophase with all water molecules removed. (b) Same cross-section but removing also the surfactant molecules to show the hexagonal ordering of the silica layers (highlighted by the red lines). Color code is the same as in Figure 2 .
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Article forward transition was due to the incorporation of benzene inside the tail-group region, which effectively increased the hydrophobic tail volume and led to lower curvature shapes, 68 i.e., a lamellar mesostructure. Importantly, they identified a threshold concentration of 0.35 mol % benzene, below which the transition was not observed. Their hypothesis for the reverse transition was that an increase in temperature caused an increase in the solubility of benzene in water, thus reducing its concentration in the tail region, consequently leading to an increase in curvature.
To test if our model reproduces this behavior we randomly added benzene molecules in their coarse-grained representation (see Figure S1c) to the bulk phase of a pre-equilibrated silica− surfactant HLC solution with 100% of silica dimers (Figure 9a) . The overall concentration of benzene used in our simulation (run 16) was 2.0 mol %, which is above the experimentally identified threshold. 11 As soon as the system started to equilibrate, the benzene molecules migrated to the tail-group region of the HLC phase. After 0.5 μs, the HLC had completely transformed into a lamellar mesophase, as can be seen in Figure  9b . When benzene molecules were deleted from the simulation (run 17), the system reverted back to an HLC (Figure 9c) . A movie containing details of the hexagonal-to-lamellar transition and the reverse process after removing benzenes can be found in the Supporting Information section (Film5 and Film6).
We also calculated the density profile of each type of bead along the most relevant axis of the simulation box for the systems before and after addition of benzene (Figure 10 ). The ordered arrangement of the cylindrical micelles and lamellae appears as evenly spaced peaks in the head and tail group distributions. Examining first the density profiles of the lamellar phase induced by the addition of benzene (Figure 10b ) it is possible to confirm that the vast majority of benzene molecules (in brown) are incorporated within the hydrophobic region of the lamellae (see also Figure S9 ). We estimated the hydrophobic surfactant tail volume contribution before and after adding benzene in the hexagonal and lamellar phases, Figure 9 : (a) hexagonal system prior to the addition of benzene, (b) lamellar system after addition of benzene, and (c) hexagonal system after removal of benzene. Green lines represent the terminal beads of the surfactant tail, purple was used for surfactant heads, red was used for silica dimers, and brown was used for benzene.
Article respectively. Details of the calculation procedure are provided in the Supporting Information ( Figure S10 36 ). Furthermore, no specific interactions between benzene molecules and surfactant head groups was observed, so it is reasonable to assume that the average area per headgroup is not significantly different in both systems. Taken together, these observations support the experimental hypothesis of Firouzi et al. 11 that the incorporation of benzene molecules promotes a decrease in curvature of the mesophase by expanding the effective volume of the tail region.
Examining now the profiles for the HLC structures ( Figure  10a and 10c) , an important observation is that the silica dimer peaks overlap with the headgroup peaks, further confirming that silica oligomers act as bridges between adjacent micelles. In this regard, the profiles show some artificial broadening (much more prominent in Figure 10a ) due to the fact that the axis of the cylindrical micelles in the HLC does not always correspond with the vertical axis of the simulation box. Nevertheless, using the distance between successive silica peaks it is possible to estimate the pore size of the MCM-41 material that would be formed from this HLC mesophase after silica condensation and calcination. We obtained a value of 37 Å, which is in reasonable agreement with experimentally reported MCM-41 pore diameter estimates that lie in the range of 35−45 Å. 63 ,69−75 It should be noticed that our system is the initial HLC formation stage with only silica dimers whereby further silica oligomerization and the increase of the silica density between rods may slightly vary the pore diameter as experimentally observed. 11 To compare our estimate with the HLC structures obtained by Firouzi et al. 11 we use the lattice spacing d 100 determined from their X-ray diffraction measurements and assume a wall thickness Δ = 1.1 nm. 76 The unit cell constant a 0 is defined as follows
where d 100 is the Bragg peak measured by X-ray. Therefore, the pore diameter can be obtained through
Firouzi et al. obtained a value of d 100 = 47.1 Å for the HLC mesophase, which using the relations in eqs 1 and 2 leads to a pore size of ∼45 Å, which is in reasonable agreement with our modeling results, considering the nature of the assumptions involved and the fact that our system is in the initial HLC formation stage with only dimers. This near-quantitative agreement with experiment is a further indication that our model is accurately representing the real synthesis process.
CONCLUSIONS
We presented a new mesoscale model for precursor solutions used in the synthesis of MCM-41 mesoporous silica materials. The model is based on a multiscale approach, whereby information from quantum chemical calculations 32 was used to develop a classical atomistic model, 15 which in turn was used to calibrate the interaction potentials at the coarse-grained level. This allowed us to reach the relevant time and length scales for the formation of silica/surfactant mesophases while maintaining sufficient levels of realism to allow close comparisons with experimental studies. Indeed, the results of our simulations are in remarkable agreement with experimental observations of Chmelka and co-workers in their detailed studies of MCM-41 formation at high pH. 11, 77 To our knowledge it is the first time that a molecular model has been able to reproduce the formation of hexagonal liquid crystal structures in realistic aqueous solutions of silica and cationic surfactants. As such our work bridges the gap between previous atomistic modeling efforts that were limited by large computational cost and latticebased simulations that were limited in their relationship to realistic solutions and structures. Although the force field we employed is specific to MCM-41, the multiscale methodology is generally applicable to the synthesis of other templated porous materials with appropriate adaptations. It therefore constitutes a valuable tool for computational material design.
Our simulation results showed that the addition of silica monomers to a low-concentration surfactant solution induces the fusion of small spherical micelles to form elongated rodlike aggregates. However, the presence of monomers alone is not sufficient to promote the formation of an HLC phase. Instead, the formation of this phase at low concentration was only observed when a minimum percentage of silicates (between 15% and 33%) was present in the form of dimers or higher oligomers. Such highly condensed anionic silica oligomers have been shown to be stable in precursor solutions, both experimentally 78 and theoretically. 79 When anionic silicates are in oligomeric form they are able to act as multidentate binding sites, essentially bridging the headgroup regions of different micelles. These silica bridges counteract the electrostatic repulsion between micelles, promoting micelle aggregation. Crucially, this leads to separation of the system into a dilute solution and a concentrated silica/surfactant ordered mesophase, as observed experimentally. Our model also predicts that the structure of this mesophase can be controlled by varying the charge density of the silicate oligomers, by increasing either their degree of condensation or their degree of deprotonation, with higher silica charge density leading to structures with a lower degree of curvature (e.g., lamellae). This result implies that the mesostructure is rather labile at this stage of the synthesis, before extensive silica condensation takes place, in agreement with previous lattice model predictions. 16 The degree of flexibility of the mesophase can be exploited by changing the composition of the synthesis solution, and our model was also able to describe the reversible hexagonal-tolamellar transition observed experimentally upon addition of a cosolvent. 11 In this case incorporation of aromatic molecules inside the hydrophobic region of the HLC causes an increase of the effective volume of the surfactant tails, leading to a decrease in the curvature of the aggregate.
The results of our work provide further support for a cooperative templating mechanism in the synthesis of periodic mesoporous silica, whereby the presence of silica drives the formation of a phase-separated ordered mesostructure. We demonstrated that the structure of the mesophase is strongly dependent on the composition of the synthesis solution, particularly on the degree of condensation and deprotonation of silicate species. However, we still relied on experimental data (in this case, detailed NMR measurements) to predefine the
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Article condensation and deprotonation state of silicates in our simulations, and thus, our model is not yet able to predict in an "ab initio" sense the complete formation of mesoporous silica structures. We are currently combining our coarse-grained model with the reactive Monte Carlo formalism proposed by Malani et al. 80, 81 to explicitly describe the condensation of silica. We expect that this will lead to further insights into the formation mechanism of this fascinating class of porous materials.
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